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INTRODUCTION
Extensive studies in recent years, mostly by innovative highthroughput approaches, have revealed the complexity and diversity of the microbes that populate the human gastrointestinal tract, as well as their profound impacts on a broad range of physiological functions in the host Charbonneau et al., 2016; Kundu et al., 2017; Postler and Ghosh, 2017) . These studies have established the symbiotic relationship between humans and gut microbiota, having evolved to integrate many microbe-generated metabolites into host physiology Kundu et al., 2017; Postler and Ghosh, 2017) . However, in vivo functional analysis of specific microbial metabolites in host animals, which is important to thoroughly understand the mechanisms underlying the evolution of such relationships and develop therapeutic interventions to microbiota-related human health prob-lems, is challenging and highly desirable. Establishing good animal models is critical for scientists to analyze the functions of individual microbial molecules from a complex milieu (Donia and Fischbach, 2015) . Recent studies have demonstrated that the nematode C. elegans is an excellent system to study functions of bacterial metabolites on animal physiology (e.g., Garcia-Gonzalez et al., 2017; Gusarov et al., 2013; Han et al., 2017; Meisel et al., 2014; Samuel et al., 2016; Scott et al., 2017) . We have previously developed a unique assay system to evaluate the impact of microbiota-produced metabolites on animal development and behaviors, which led to the identification of an intestinal pathway that regulates animal food behaviors in response to deficiency of bacteria-produced vitamin B2 (Qi et al., 2017) .
Enterobactin (Ent) is a catecholate siderophore produced almost exclusively by enterobacteria to scavenge iron from the environment (Wilson et al., 2016) . The scavenging role of Ent is expected to have a negative impact on iron homeostasis and certain cellular processes in the host, given that siderophores are known to be key virulence mediators of pathogens (Cassat and Skaar, 2013; Kirienko et al., 2013) . In order to inhibit the growth of pathogenic bacteria that rely on Ent to scavenge iron from host cells, the mammalian immune system produces the Ent-binding protein Lipocalin 2 that sequesters Ent (Bä umler and Sperandio, 2016; Ellermann and Arthur, 2017; Flo et al., 2004; Xiao et al., 2017) . Such a defense system may have negative effects on the host iron pool and animal functions (Ellermann and Arthur, 2017; Xiao et al., 2017) . More importantly, this mechanism does not explain how host animals would cope with abundant Ent from non-infectious gut microbiota, of which enterobacteria are the most prevalent commensal microbes in both human and C. elegans (Berg et al., 2016; Lloyd-Price et al., 2017; Tenaillon et al., 2010) . Given the symbiotic relationship between commensal E. coli and the host, one may speculate that an unknown beneficial mechanism has evolved in animals to use bacterial Ent for host iron homeostasis.
In this study, by developing a unique and sensitive assay in C. elegans, we discovered an unexpected but logical role of bacterial Ent in supporting animal growth and iron level. We present biochemical and genetic data for a surprising mechanism by which an interaction between Ent and the ATP synthase a subunit facilitates mitochondrial iron uptake both in C. elegans and mammals.
RESULTS
A Bacterial Mutant Screen Identifies the Benefit of E. Coli-Produced Ent to Host Development We created a unique assay to facilitate the identification of microbial metabolites that benefit growth and development of host animals. Our previous studies revealed that heat-killed (HK) E. coli lacks certain molecules that are collectively required for C. elegans larval growth (Qi et al., 2017) . Larval growth was recovered when the heat-killed E. coli plate was supplemented with a trace amount of live E. coli, which alone could not support worm growth ( Figure 1A ), suggesting that the trace amount of live bacteria generated metabolites that rendered the heat-killed food usable. This unique feeding condition was used to search for E. coli mutants that fail to support normal worm growth, potentially due to their inability to provide specific metabolites to benefit host animals. After screening an E. coli single-gene knockout library (Keio collection), we found that worms fed a trace amount of any of the five E. coli mutants with disrupted Ent biosynthesis grew significantly slower ( Figures 1B and 1C) . Strikingly, the worm growth defects were completely overcome by dietary supplementation of Ent ( Figures 1D and S1A ). In addition, supplementing with the metabolic intermediate 2,3-DHBA rescued worm growth on entAbut not entF -E. coli The volume of the worms was measured 4 days after larvae were placed on the plates. (B and C) A bacterial mutant screen identified 5 genes in the enterobactin (Ent) biosynthesis pathway that support host development (as indicated by decreased worm body volume) when fed each of these 5 mutants under the assay condition. Enzymes in red (C) were identified in the screen (B) . (D) The growth defect caused by feeding entAor entFlive E. coli mutants, along with heat-killed E. coli, was fully suppressed by dietary supplementation with Ent. Representative microscope images are shown in Figure S1A .
(E) Supplementation with 2,3-DHBA rescued the growth of worms fed entA -, but not entFmutant bacteria, confirming that only the final product, Ent, is beneficial for worm growth. (F) The growth defect caused by feeding entlive E. coli mutants along with heat-killed E. coli was not phenocopied by mutation of the E. coli ferric Ent receptor FepA, indicating that Ent does not benefit worm growth through its role in bacterial iron scavenging. (G) Supplementation with other siderophores (pyoverdine or ferrichrome) did not rescue growth of worms fed entFmutant along with heat-killed food. The wild-type (WT) data are the same as that in Figure S1F , as the data for both pairs of figures were generated from the same set of experiments. (H) CAS staining results of whole-worm lysates showing that Ent level in worms fed entFmutant bacteria is significantly lower than that in worms fed wild-type bacteria. (I) Cartoon diagram of feeding condition, bar graph, and statistical analysis showing that worm larvae fed live entAor entF -E. coli strains alone (bacterial lawn) displayed reduced growth rate compared to worms fed parental wild-type E. coli, indicating a significant benefit from Ent to the host development, even though it was not absolutely required under this feeding condition. For all panels, n = number of worms scored. Data are represented as mean ± SEM. ***p < 0.001. All data are representative of at least three independent experiments. See also Figure S1 .
( Figures 1C and 1E) , confirming that only the final product Ent can provide this benefit to the worm. We then showed that this beneficial role of Ent for worm growth is likely independent of the bacterial usage of Ent as a siderophore. Specifically, disrupting FepA, which is an E. coli outer membrane receptor for ferric Ent (Liu et al., 1993) (Figure S1B) , did not affect worm development (Figures 1F and S1C) . We also found that the entAand entFmutant bacteria exhibited no obvious defects in growth under our culture condition or in worm gut colonization (Figures S1D and S1E).
Supplementation of two other siderophores (pyoverdine and ferrichrome) failed to generate a similar impact on worm growth ( Figures 1G and S1F ), indicating the specificity of the observed Ent role. A previous study showed that pyoverdine, a siderophore produced by P. aeruginosa, is toxic to C. elegans by damaging the host mitochondria in liquid culture , raising the question of whether our negative results with pyoverdine or ferrichrome were mainly due to the toxicity of these siderophores. We thus tested and observed, under our culturing condition with solid medium, no obvious defects in growth (Figure S1F) or mitochondrial morphology ( Figure S1G ) in C. elegans fed wild-type E. coli and supplemented with pyoverdine or ferrichrome. In addition, we found that Ent supplementation did not disrupt mitochondrial morphology even in liquid culture ( Figure S1H ), which is distinct from the effect of pyoverdine.
An established assay (Schwyn and Neilands, 1987) was modified to evaluate the siderophore level in whole worms, and we found that worms fed wild-type E. coli contained a significantly higher level of siderophore than worms fed entFmutant E. coli ( Figure 1H ). The production of Ent from E. coli under the culture condition is consistent with a relatively low iron culture media in our experiments, given that high iron level is known to repress Ent biosynthesis (Kwon et al., 1996) .
Ent supplementation alone did not result in any appreciable effect on the development of worms fed only heat-killed bacteria ( Figure S1I ), which indicates that heat-killed bacteria lack more than just Ent or any one specific metabolite (Qi et al., 2017) . Conversely, worms fed abundant live entAor entFmutant bacteria continued to grow at slower rates ( Figure 1I ), which confirmed the significant benefit of Ent to host development that was prominently detected by our sensitive assay system ( Figures 1B-1D ). Such a benefit of Ent on animal growth may also be pronounced in certain natural environments.
Bacterial Ent Promotes Iron Pool in the Host
Since Ent has a high affinity for Fe 3+ (Hider and Kong, 2010; Wilson et al., 2016) , it may potentially benefit host animals' growth and development by impacting iron homeostasis. We employed the commonly used fluorescent cell-permeable dye, calcein-AM, of which emission is quenched by iron binding (Devireddy et al., 2005; Grillo et al., 2017; Kakhlon and Cabantchik, 2002) , and applied it to live worms as previously described (James et al., 2015) to estimate the overall iron level in the host. Worms fed entAor entFmutant bacteria had much lower iron levels, as evidenced by drastically increased fluorescence intensity, and the iron levels were recovered by Ent supplementation (Figure 2A) . We also examined the expression of the iron responsive gene ftn-2 that encodes a C. elegans homolog of the iron-storage protein ferritin (Romney et al., 2011) . The expression of a pftn-2::GFP reporter was dramatically reduced in worms fed entAor entFmutant bacteria ( Figure 2B ). Therefore, bacterial Ent boosts the iron level in the host C. elegans.
To exclude an effect of worm growth status on the Entpromoted iron level increase, we showed, using both iron markers, that worms fed heat-killed E. coli displayed a lower iron level and such a defect was suppressed by Ent supplementation ( Figures 2C and 2D ), while the worms remained arrested under both conditions. Conversely, the iron level was low in worms fed abundant live entAor entFmutant bacteria alone ( Figure 2E ), where worms continued to grow, albeit at a lower rate ( Figure 1H ). Therefore, the Ent impact on the host iron level is independent of other feeding conditions and worm growth. The results from feeding only heat-killed food (Figures 2C and 2D) provided additional evidence that the beneficial Ent effect is not due to a secondary effect of bacterial usage of Ent.
The typical worm growth media (NGM agar) seeded with E. coli as food appears to present a low iron environment based on the recipe (Stiernagle, 2006) as well as the fact that Ent biosynthesis in bacteria would be repressed under iron replete conditions (Kwon et al., 1996) . Adding more Fe 3+ (FeCl 3 ) to food neither suppressed the growth defect ( Figure S2A ) nor raised cellular iron level ( Figure S2B ) in animals fed Ent-deficient food. Addition of hemin also did not impact animal growth (Figure S2C) . Therefore, Ent may promote optimal iron uptake and growth of C. elegans regardless of the iron level in food. If Ent is required for optimal C. elegans development, adding more ferric chloride to wild-type E. coli in our assay system ( Figure 2F ) would be expected to inhibit Ent production in the live E. coli source and consequently slow down worm growth. Indeed, we observed the worm growth defect with the addition of ferric chloride to live E. coli, and this growth defect was suppressed by Ent supplementation (Figures 2F and S2D ). This supports a requirement for Ent even in iron-rich environment, which may in turn suggest that iron level in the gut of C. elegans does not usually reach the height leading to a full repression of Ent production from the gut microbiota.
Moreover, a previous study showed that, under an iron-poor condition where worms were treated with CaEDTA, the iron level and growth rate were decreased in worms (Klang et al., 2014) ( Figure 2G ). However, both defects were suppressed by either adding more FeCl 3 or Ent supplementation ( Figure 2G ). Strikingly, 103 FeCl 3 supplementation recovered the iron level in worms fed CaEDTA to the level observed in worms fed CaEDTA plus additional Ent ( Figure 2G ), which indirectly suggests that Ent-mediated iron uptake may be responsible for at least a 10fold iron level increase in worms under this condition. This result indicates the profound impact of Ent on host iron homeostasis under iron-poor conditions.
Bacterial Ent Binds to Host ATP Synthase a Subunit To understand the mechanism underlying the Ent effect on worm iron homeostasis, we employed affinity chromatography using an immobilized Ent (Zheng et al., 2012) and subsequent mass spectrometric analysis to identify Ent-binding proteins in worms ( Figure 3A ). Only two candidate proteins, CTL-2 and ATP-1, were captured in both of two independent experiments (Figures 3A and Table S1 ). CTL-2 is a homolog of catalases that are known to bind iron (Chelikani et al., 2004) . ATP-1 is the a subunit of the mitochondrial ATP synthase that is not known for a role in iron biology (Junge and Nelson, 2015) . We then tested the requirement of each protein for the Ent effect on animal growth. RNAi of the atp-1 gene, but not ctl-2, prevented the rescue of worm growth by Ent supplementation ( Figure 3B ), suggesting that ATP-1, but not CTL-2, could potentially play a critical role in mediating the observed Ent function in the host.
We then carried out three additional tests to confirm Ent binding to ATP-1. First, in an in vivo assay, worms were fed bacteria ± Biotin-Ent and total protein extracts were isolated, followed by streptavidin-bead purification and SDS-PAGE. The ATP-1 protein was clearly detected by western blotting us-ing an antibody against the mammalian a subunit of ATP synthase ( Figures 3C and S3A ), indicating an interaction between Ent and ATP-1. Second, in an in vitro binding assay, we found Biotin-Ent (iron free) efficiently bound to ATP-1-His ( Figure 3D ), and the binding could be outcompeted by excess Ent (Figure 3E ). Just as the iron-free Biotin-Ent, iron-bound Biotin-Ent also bound the ATP-1 protein ( Figures S3B and S3C ). Finally, we tested the ability of Ent to mediate the interaction between ATP-1 and iron. We added radiolabeled iron ( 55 FeCl 3 ) to worm lysates and then immunoprecipitated ATP-1. By measuring the radioactivity in the ATP-1-IP sample, we found that addition of Ent (but not two other siderophores) dramatically increased the binding of ATP-1 to 55 Fe ( Figure 3F ), supporting a specific role of Ent in mediating the interaction between ATP-1 and iron. Additional analyses indicate that a 21-amino-acid sequence of ATP-1 is critically involved in Ent binding (Figures S3D and (E) Calcein-AM fluorescence intensity is increased in worms fed only entAor entFlive bacteria, indicating that the benefit of Ent to host iron level increase is not limited to the feeding condition diagramed in (A). (F) Cartoon diagram and bar graph showing that addition of FeCl 3 to the wild-type E. coli source, which is expected to repress Ent production, inhibited the growth of worms fed heat-killed E. coli. However, this growth was largely recovered by Ent supplementation. Representative worm images are shown in Figure S2D . (G) Under an iron-deficient condition with CaEDTA treatment, worms displayed retarded growth. Calcein-AM fluorescence in worms decreases (iron level increase) with the supplementation of either FeCl 3 (in a dosage-dependent manner) or Ent. The effect of Ent supplement on fluorescence level decrease is equivalent to supplementing 10 mL of FeCl 3 (175 mg/mL) to the food. n = number of worms scored. Data are represented as mean ± SEM. ***p < 0.001. All data are representative of at least three independent experiments. See also Figure S2 . S3F). Collectively, these results indicate that bacterial Ent directly binds ATP-1 in C. elegans, which facilitates the ATP-1 interaction with iron.
ATP-1 Is Required for Ent-Dependent Promotion of the Host Iron Level
We next tested whether Ent promotes the host iron pool through the Ent-ATP-1 complex. We first determined a role of ATP-1 in The retained proteins were identified by mass spectrometric analysis. The two proteins identified in two independent experiments are indicated. (B) Cartoon diagram of feeding condition, microscope images, and bar graph showing that Ent supplementation failed to rescue growth of animals treated with atp-1(RNAi). ctl-2 RNAi did not alter the benefit of Ent supplementation.
(C) An in vivo test for Ent binding to ATP-1. Biotin-Ent was used to pull down interacting proteins from whole-worm lysates, followed by streptavidin-bead purification. Western blot analysis using an anti-ATP5A1 antibody (see Figure S3A for antibody specificity) to detect ATP-1 in IP. (D and E) In vitro tests for Ent binding to ATP-1. The ATP-1::His tagged protein was bound to biotin-Ent (D) and the binding was increased by increased protein concentration and decreased by adding excess, non-biotin-labeled, Ent (E). (F) Cartoon and bar graph showing that Ent mediates the interaction between Fe 3+ with ATP-1 in an iron-binding assay. Whole-worm lysates were treated with 55 FeCl 3 +/À siderophore (Ent, ferrichrome, or pyoverdine), followed by immunoprecipitation with anti-ATP5A1. The relative iron level was determined by measuring radioactivity. The presence of Ent resulted in a >10-fold increase in 55 Fe associated with ATP-1-IP. Data are represented as mean ± SEM. ***p < 0.001. All data are representative of at least three independent experiments, except (D) and (E) (two independent experiment). See also Figure S3 and Table S1. iron homeostasis by showing that the iron level was dramatically decreased in an ATP-1 loss-of-function (lf) C. elegans mutant, or wild-type worms treated with atp-1(RNAi), as indicated by the increase in the calcein-AM fluorescence ( Figures 4A and 4B ). We then determined that the Ent effect in promoting iron level in the worm was dependent on ATP-1, as RNAi of atp-1 eliminated the iron level gain seen with Ent supplementation to entFmutant bacteria ( Figure 4C ). The heat-killed E. coli ± Ent effect on growth-arrested animals ( Figure 2C ) was also found to be dependent on atp-1 ( Figure 4D ). Finally, the host iron level was not significantly changed by RNAi knockdown of each of three other subunits of the ATP synthase ( Figure 4B ), suggesting that the ATP-1 impact on iron level was unlikely due to an indirect effect of disrupting the ATP synthase function. Therefore, bacterial Ent promotes host iron homeostasis through its interaction with the ATP synthase a subunit.
The Observed ATP-1 Function Is Independent of Its Role in the ATP Synthase As the ATP synthase a subunit, ATP-1 is expected to interact with b and other subunits of this large enzyme complex (Junge and Nelson, 2015) . Using immunostaining, we observed colocalization of the a subunit (ATP5A1) and b subunit (ATP5B) of the mammalian ATP synthase in mitochondria ( Figure S4A ). Consistent with the essential role of the ATP synthase, loss-of- function mutations in both atp-1 and atp-2 display L1 arrest phenotypes in C. elegans (Tsang and Lemire, 2003) (Figure 4A) . RNAi of atp-1 or atp-2 also displayed growth defects (Qi et al., 2017) ( Figures S4B and S4C ). We thus tested whether the ATP-1 function in promoting the host iron pool is dependent on other subunits of the ATP synthase. We found that ATP-1 binding to Ent is not affected by RNAi of the b subunit of ATP synthase (ATP-2) ( Figure S4C ) and, as indicated in Figure 4B , the decrease of iron level caused by atp-1(RNAi) was not seen in worms treated with RNAi of genes for the b, b, and O subunits. Therefore, this role of ATP-1 is independent of other ATP synthase subunits.
Since binding to ATP is a critical part of the role the a subunit in ATP synthase (Junge and Nelson, 2015) , we asked whether the ATP binding domain (Yu et al., 2013) is required for the Ent interaction and the role in promoting iron level. We thus deleted residues 198-205 (DRQTGKTA) from the ATP-1 protein sequence ( Figure S4D ) and found, by the in vitro binding assay, that this deletion did not reduce the ability of this protein to bind to Ent ( Figure 4E ), suggesting that ATP-1-Ent binding is independent of ATP-1-ATP binding. We next tested whether transgenic expression of this ATP-1(del) protein was sufficient to function as ATP-1 in Ent-mediated iron uptake. As indicated in Figure 4A , expression of this protein behind a ribosome gene promoter from the [Prpl-28::atp-1(del)] transgene significantly suppressed the iron level decrease caused by the atp-1(lf) mutation. Therefore, the ATP-1 function, both in interacting with Ent and promoting iron uptake, is independent of its role in ATP binding.
Ent-ATP-1 Interaction Promotes Iron Level in Host Mitochondria
Since iron transport into mitochondria critically affects the labile iron pool and overall iron homeostasis (Muckenthaler et al., 2017) , we asked whether bacterial Ent and its interaction with host ATP-1 promotes iron level in mitochondria. We first observed co-localization of ATP-1 with the MitoTracker marker in the intestine ( Figure S5 ), which is consistent with ATP-1 function in mitochondria. We then carried out an in vivo assay, modified from a published protocol for mammalian cells (Devireddy et al., 2010) , to examine the role of the Ent-ATP-1 interaction in promoting mitochondrial iron level. Worms were treated with RNAi and fed 55 FeCl 3 +/À Ent, followed by isolation of mitochondria and measurement of radioactivity ( 55 Fe). Mitochondrial iron ( 55 Fe) was increased by 3-fold with Ent supplementation, and this increase depended on ATP-1, but not other ATP synthase subunits ( Figure 5A ). In addition, we showed that mitochondria isolated from worms fed wild-type E. coli contained a significantly higher level of siderophore than worms fed entFmutant bacteria, indicating that Ent also enters mitochondria ( Figure 5B) , and the level of Ent in mitochondria was significantly reduced when ATP-1 was reduced by RNAi ( Figure 5C ). Therefore, bacterial Ent facilitates host mitochondrial iron level increase, and this process requires a previously unknown, ATP synthase-independent function of ATP-1 in host mitochondria.
ATP-1 Acts in Mitochondria to Facilitate Ent-Fe 3+ Level Increase in Mitochondria
The ATP synthase a subunit resides in the mitochondrial matrix, and this protein is transported into mitochondria by a well-characterized mitochondrial protein transport mechanism (Wiedemann and Pfanner, 2017). Therefore, it is possible that ATP-1 facilitates Ent-Fe 3+ import into mitochondria by a ''co-transport'' model, which requires ATP-1 binding to Ent prior to the transport. To test this model, we asked whether we could still observe the roles of Ent and ATP-1 in purified mitochondria, where there is no ATP-1 synthesis or shuttling to mitochondria. In this in vitro assay modified from a published protocol for mammalian cells (Devireddy et al., 2010) , we first extracted mitochondria from RNAi-treated worms and then added 55 FeCl 3 +/À Ent, followed by quantification of 55 Fe. Addition of Ent dramatically increased iron ( 55 Fe) level in mitochondria by 10-fold, and this increase was largely reduced when the worms were treated with RNAi of atp-1, but not for worms treated with RNAi targeting the three other ATP synthase subunits ( Figure 5D ). This result further supports the role of Ent and ATP-1, but not the rest of the ATP synthase, in promoting mitochondrial iron level. Since no nascent ATP-1 protein could be made in the assay mix, the results of this assay likely exclude the potential ''co-transport'' model and may suggest that ATP-1 facilitates mitochondrial Ent-Fe import by binding to Ent within mitochondria. This ''retention'' model in turn suggests that Ent-Fe 3+ enters mitochondria by other means and may have a high tendency to exit without the ATP-1 interaction, which may be consistent with a hypothesis that Ent can enter mammalian cells by passive permeation (Saha et al., 2017) . The observed stronger Ent effect in the in vitro assay ( Figure 5D ), compared to the in vivo assay (Figure 5A) , may be due to a stronger affinity of Ent for the mitochondrial environment over the solution under the in vitro assay condition.
To observe the functional impact of the Ent-mediated increase in mitochondrial iron level, we tested the effect of Ent on irondependent mitochondrial enzymes in worms under our culturing condition. We found that activities of aconitase and succinate dehydrogenase, two mitochondrial Fe-S cluster enzymes, were significantly increased by Ent supplementation (Figures 5E and  5F) , supporting the role of the Ent-ATP-1 complex in supplying iron to Fe-S clusters and other iron-containing molecules in mitochondria.
Ent Interacts with ATP5A1 to Promote Mitochondrial Iron Uptake into Mammalian Cells Sequence alignment indicates 78% identity between the ATP synthase a subunits from C. elegans (ATP-1) and humans (ATP5A1) ( Figure S4D ). Using chrome azurol S (CAS) staining (Schwyn and Neilands, 1987) , we observed that Ent supplemented to the culture medium can enter human HEK293T cells ( Figure 6A ). To test whether this Ent-ATP-1 function is conserved in mammals, we repeated our biotin-Ent pull-down assay (Figure 3A) using total protein extracts from human HEK293T cells cultured ± Biotin-Ent. ATP5A1 was clearly detected ( Figure 6B) , supporting that Ent also binds to ATP5A1 in mammalian cells. In an in vitro binding assay, biotin-Ent directly bound to the human protein ATP5A1, and the binding was effectively competed away by the presence of excess, free Ent ( Figure 6C ). In a third assay, we added radiolabeled iron ( 55 FeCl 3 ) to the cell lysates ± Ent, followed by immunoprecipitation (IP) using the ATP5A1 antibody. The presence of Ent increased the level of 55 Fe in the ATP5A1-IP samples ( Figure 6D ). Together, these data indicate that the interaction between Ent and the ATP synthase a subunit is conserved in mammalian cells.
To test whether the function of the Ent-ATP-1 complex in promoting mitochondrial iron uptake is also conserved in human cells, we performed both an in vivo and an in vitro mitochondrial iron uptake assay (Devireddy et al., 2010) and found that addition of Ent prominently increased iron level in mitochondria in both assays ( Figures 6E and 6F) . Moreover, using small interfering RNA (siRNA) knockdown ( Figure S6 ), we observed that this Ent-mediated increase depended on ATP5A1 ( Figures 6E and  6F ) in a similar manner as that in the assays for C. elegans (Figures 5A and 5D ). We also measured the mitochondrial iron level in cells by using the fluorescent mitochondrial iron indicator, RPA, to which iron binding quenches its fluorescence (Rauen et al., 2007) . Supplementation with Ent increased the mitochondrial iron level in the cells, and this iron-boosting effect was not seen in cells treated with ATP5A1 siRNAi ( Figure 6G ). The relatively smaller changes seen for cultured cells, compared to the difference in worms fed heat-killed food (Figure 2) , may potentially be due to the higher base iron level under the cell culturing condition. These data support that Ent impacts the mammalian mitochondrial iron level and does so in an ATP5A1-dependent manner.
DISCUSSION
By using a unique and sensitive assay to test the impact of E. coli genes on animal development, we identified a distinct paradigm regarding the effect of a siderophore (Ent) produced by commensal bacteria on host physiology. We discovered that Ent promotes mitochondrial iron level in host animals and beneficially impacts host development. Ent executes this function by binding to the a subunit of the host mitochondrial ATP synthase, and this binding is independent of the whole ATP synthase complex. This previously unknown mechanism may counteract the scavenging role of bacterial Ent and its impact on the host labile iron pool (Figure 7) , and this function should enhance the symbiotic relationship between microbes and animals. The conservation of this function between C. elegans and humans is consistent with the high prevalence of enterobacteria in the gut of both animal species (Berg et al., 2016; Lloyd-Price et al., 2017; Tenaillon et al., 2010) and the ability of commensal E. coli in mammals to produce Ent (Searle et al., 2015) . This mechanism presents a unique paradigm regarding the competition (''tug of war'' for iron) between microbes and host cells, which is distinct from the function of the well-studied mammalian Lipocalin 2 that binds to Ent as a defense mechanism against pathogenic bacteria (Figure 7) (Bä umler and Sperandio, 2016; Ellermann and Arthur, 2017; Xiao et al., 2017) .
Iron deficiency and related anemia are the most prevalent nutritional disorder that threatens the health of a large population of children and women in the world (Kassebaum et al., 2014; World Health Organization, 2002) . Oral iron supplementation has been the main treatment but its effectiveness is limited with serious side effects (Moretti et al., 2015; Smith et al., 2014) . The composition and behavior of the human gut microbiome, that produces various iron-binding siderophores, may have high impacts on the genesis and treatment of this disorder (Kortman et al., 2016) . Our study demonstrated that Ent facili-tates iron uptake and growth of C. elegans under both low and high iron conditions, which may in turn suggest that iron level in the gut of C. elegans does not usually reach the height leading to a full repression of Ent production from the gut microbiota. The profound impact of additional Ent supplementation on iron level and animal growth under iron-poor conditions ( Figure 2G ) suggest that disruption of microbiotal composition may significantly contribute to human iron deficiency disorder and the potential application of Ent as a treatment for this prevalent human health problem.
We have also provided experimental evidence that the ATP synthase a subunit is not likely to facilitate the mitochondrial iron uptake by a co-transportation model, where Ent-Fe may simply take a ride when the ATP synthase a subunit is transported into mitochondria. Instead, our data favor the retention model, where the ATP synthase a subunit inside the mitochondria binds and retains Ent-Fe, implying that Ent-Fe may enter and exit mitochondria through a passive mechanism or a system involving protein transporter. A recent study in mammalian cells (E) Results of an in vivo mitochondrial iron uptake assay (similar to that in Figure 5A for C. elegans) showing that Ent supplementation significantly increased Fe 3+ uptake into mitochondria, and the increase was eliminated by siRNA knockdown of ATP5A1. The effectiveness of the siRNA is shown in Figure S6A . Data are represented as mean ± SD. (F) Result of an in vitro mitochondria iron uptake assay showing the ATP5A1-dependent impact of Ent on iron uptake of mitochondria from HEK293T cells. Like in C. elegans ( Figure 5D ), addition of Ent boosted iron uptake into mitochondria, and this benefit was sharply reduced by siRNA knockdown of ATP5A1. Data are represented as mean ± SD. (G) Fluorescence images and quantitative data of HEK293T cells stained with fluorescent mitochondrial iron indicator RPA. Ent supplementation caused a significant decrease in staining (indicating an increase in iron), which was eliminated by knocking down ATP5A1. Data are represented as mean ± SEM. **p < 0.01, ***p < 0.001. All data are representative of at least three independent experiments. See also Figure S6. suggested that Ent could enter mammalian cells by permeation (Saha et al., 2017) , while studies in yeast have indicated a transporter that can traffic Ent into fungi cells (Froissard et al., 2007) . Whether such a transporter is also present in animals and largely responsible for moving Ent into mitochondria is not clear. Under the retention model, a passive diffusion seems to be more straightforward, since Ent-Fe would also exit mitochondria without the interaction with ATP synthase a subunit.
Our data also indicate that the role of the ATP synthase a subunit in mitochondrial iron retention is likely independent of the ATP synthase; it requires neither the interaction with other subunits nor its enzymatic activity. Therefore, Ent-Fe 3+ may be able to interact with the ATP synthase a subunit that localizes within the mitochondria but is physically detached from the ATP synthase. However, since there is currently no evidence that the a subunit localizes at sites away from the ATP synthase in wild-type animals, Ent may still bind to the a subunit that is associated with ATP synthase under normal conditions, even though Ent may be capable of interacting with the a subunit in the absence of the b subunit. This could be an interesting question for further investigation using biophysical methods. Another potentially intriguing question is how iron is released from the tightly bound Ent after entering mitochondria, where iron is expected to be incorporated into heme and Fe-S clusters (Johnson et al., 2005; Muckenthaler et al., 2017) . It would be interesting to investigate whether the interaction between the ATP synthase a subunit and Ent facilitates the transfer of iron from Ent to heme and Fe-S proteins.
Iron uptake into mitochondria critically contributes to the regulation of the labile iron pool level, but the mechanism of this process remains to be understood (Muckenthaler et al., 2017) . In our analyses of C. elegans, the impacts of Ent and ATP-1 on labile iron level are quite profound (Figures 2 and 4) . These impacts may suggest a possibility that this unexpectedly discovered system involving Ent and the ATP synthase a subunit represents an important mechanism underlying iron uptake into mitochondria, knowing that Ent-producing enterobacteria are the most prevalent commensal microbes in both C. elegans and humans.
Therefore, using animal models to further investigate the extent by which this Ent-ATP synthase a subunit system affects the iron level and physiology in mammals is of great importance. In addition, the mechanism reported here could have a significant influence on our understanding of other systems involved in iron trafficking into mitochondria. For example, the retention model might also be involved in the functions of other iron carriers, including a mammalian siderophore (Devireddy et al., 2010) . This study has demonstrated the value of using C. elegans to study the impact of individual microbiota-generated metabolites on host physiology and the symbiotic relationship between animals and gut microbes.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Figure 7 . Proposed Paradigm for the Iron ''Tug of War'' between Commensal Bacteria and Host Animals (A) The discovery of the role of Lipocalin 2 (LCN2) led to the classical concept of the iron ''tug of war'' between pathogenic bacterial and the host immune system. Upon infection, LCN2 is induced to bind to Ent-Fe 3+ , which blocks the role of Ent in acquiring iron from host cells for bacterial growth (Bä umler and Sperandio, 2016; Ellermann and Arthur, 2017; Xiao et al., 2017) . This sequestering function inhibits bacterial growth but may not benefit host iron homeostasis and other physiological roles. (B) The surprising, beneficial role of Ent-ATP synthase a subunit in promoting mitochondrial iron concentration points to a distinct mechanism that was evolved to counteract the known negative effect of Ent on iron homeostasis and thus enhances the symbiotic relationship between gut bacteria and animals. Cell line HEK293T cells were obtained from ATCC and were maintained in a humidified cabinet at 37 C with 5% CO 2 . Cells were cultured with DMEM supplemented with 10% FBS, 4 mM L-Glutamine, 100 units penicillin per mL, 100 mg streptomycin per mL, and 0.25 mg amphotericin B per mL.
METHOD DETAILS
E. coli Keio collection screen Preparation of heat-killed (HK) OP50 plates followed the procedure described previously (Qi et al., 2017) . Standard overnight culture of E. coli OP50 grown in LB broth was concentrated to 1/10 vol and was then heat-killed in a 75 C water bath for 90 min. The 150 ml of the heat-killed-OP50 was spread onto one side of NGM plate. For preparation of bacterial mutant assay plates, E. coli Keio (Baba et al., 2006) mutants were grown overnight at 37 C in LB medium with 10 mg/mL kanamycin. 0.2 uL of the bacterial culture (OD 600 = 1) were seeded to the other side of heat-killed OP50 plate.
About 300 synchronized L1 worms were added to the screen plate, and cultured at 20 C, then scored for worm size at day 3 and day 4. The entire library was used for the primary screen; each bacterial mutant was screened once. For the secondary screen, 200 candidate mutants were screened (3 replicates) to confirm the slow growth phenotype.
Chemical supplementation of culture plates
For chemical supplementation, each chemical was dissolved in water or DMSO to generate a stock. The stock solution was added to heat-killed OP50 and then spotted onto NGM plates. The chemical name, vendor, stock concentrations and volumes used for each chemical are listed as follows: 2,3-DHBA (Sigma 126209-5G, 300mM, 5ul), Enterobactin (Sigma E3910-1MG, 1mg/ml, 5 ml), Pyoverdine (Sigma P8124-1MG, 0.5 mg/ml, 5ml), Ferrichrome (Sigma F8014-1MG, 0.5mg/ml, 5ml), Hermin (Sigma 51280, 1mg/ml, 5ul), FeCl 3 (Sigma 236489, 175ug/ul, volumes indicated in assay).
For CaEDTA supplementation (Klang et al., 2014) , 50ul of CaEDTA (50ug/ul) was spread onto the center of the NGM plates seeded with OP50, then different volume of the FeCl 3 [175ug/ul] (0ul, 1ul, 5ul, 10ul, 50ul) or 20ul of the Ent (0.5mg/ml) was added onto the center of the bacterial lawn.
Bacterial growth analyses
Overnight cultures were diluted to a final OD600 = 0.01 in 200mL of NGM liquid medium. Bacteria were grown in 96-well plates with shaking in a Synergy2 plate reader (BioTek) at 37 C for 17h. The OD600 was recorded at 20min intervals.
Bacterial colonization in worm assays
Bacterial colonization of C. elegans was determined using a method adapted from a published procedure (Portal-Celhay and Blaser, 2012) . Briefly, L3 staged worms were collected from NGM plates, and extensively rinsed with 10mL M9 buffer 3 times. The animals were then put on empty NGM plates with 100 mg/mL ampicillin for 1 hr to remove surface bacteria. 10 worms were individually picked into M9 buffer and homogenized by sonication. Part or all of the mixture was then plated onto LB plates. After incubation at 37 C overnight, the number of bacterial colonies were determined.
Quantification of siderophores CAS agar plates were prepared according to the published method (Schwyn and Neilands, 1987) . Worms were fed wild-type or entFmutant E. coli then collected, washed 5 times with 10mL M9, then the worms were starved in 10mL M9 overnight to digest and clear intestinal bacteria. The worms were then homogenized by sonication and the protein concentration of the supernatant was measured by BCA Protein Assay Kit (ThermoFisher, 23225). Protein input was normalized based on protein concentration. Supernatants were placed on CAS agar plates and incubated overnight at room temperature and monitored for orange-colored halo formation and color intensity was quantified by ImageJ. CAS gives a distinctive blue color when in complex with iron. When the iron is chelated by siderophores, orange halos develop around the sample. The intensity of halo formation is directly proportional to the concentration of siderophores.
Analysis of larval growth by measuring worm size
Synchronized L1 worms were seeded on the indicated NGM plate and grew for the indicated times. Photos were taken with a dissecting scope (Leica M165 FC) and camera (Leica IC80 HD) and then analyzed (WormSizer software) (Moore et al., 2013) to determine worm body volume.
Iron determination in worms
Live imaging of iron in worms was done as previously described (James et al., 2015) . Briefly, worms were collected at different culture conditions, then co-cultured in M9 with 0.05 ug/ML calcein-AM (Invitrogen) for 1 h, then washed 3 times in 1ml M9. Samples were then mounted for fluorescence microscopy.
Western blot
To measure the level of ATP synthase a-subunit, worms treated with RNAi or cells treated with siRNA were analyzed by standard western blot methods and probed with anti-ATP synthase a-subunit (dilution = 1:5000; ThermoFisher,43-9800) and anti-Actin (dilution = 1:5000; Sigma-A2066) as a loading control.
Isolation of Ent-binding proteins by biotin-IP and LC-MS Total proteins were extracted from mixed stage worms and then pre-cleaned three times by adding 100ul Dynabeadsâ M-280 Streptavidin. Equal volumes of these total protein extracts were then separated to two tubes. Biotin-Ent (5ug) was added into one tube for IP and Biotin alone (5ug) was added to another tube as the control, both were incubated overnight at 4 C. After incubating with Dynabeadsâ M-280 Streptavidin for 2 hours, the beads were washed at least 3 times by 1mL PBS. PBS was then removed from the beads and 200 uL 0.1 M ammonium bicarbonate (ABC)/0.001% deoxycholic acid (DCA) was added. The samples were reduced using 5 mM (final) TCEP at 60 C for 30 min, and alkylated using 15 mM iodoacetamide at room temperature for 20 min. 0.5 ug of trypsin was added to each sample and incubated overnight. The samples were then acidified using 7 uL of formic acid. DCA was removed from the samples by phase-transfer using ethyl acetate. The samples were desalted using a Pierce C18 spin column, and dried using a speed vac. The samples were reconstituted in 10 uL Buffer A (0.1% formic acid in water), of which 5 uL was subjected to LC-MSMS analysis.
Ent and ATP-1 protein interaction assays
In vivo binding assay Worms were allowed to grow with Ent-biotin (5ug/ml) dietary supplementation, followed by streptavidin-bead IP. Western blot was performed to detect ATP-1, using an antibody against the mammalian ATP synthase a-subunit (Thermo Fisher 43-9800).
In vitro binding assay (a) Ent-biotin pull-down of total proteins: Ent-biotin and streptavidin beads were used to pull down interacting proteins from worm total protein extracts (same method as that in initial screen for Ent-binding proteins). Western blots were performed to detect ATP-1 (Thermo Fisher 43-9800). (b) Binding of Ent-biotin to purified ATP-1::HIS-tagged protein:
To assay the role of different ATP synthase subunits on iron level in worms, L1 worms were treated with feeding RNAi and grew to young adult. Iron level was measured for worms at the same stage.
For in vitro/vivo mitochondrial iron uptake, L1 worms were treated with RNAi targeting the indicated ATP synthase subunits and grew to young adult before being subjected to further procedures. siRNA treatment in mammalian cells ATP5A1 siRNA was purchased from Sigma (SASI_Hs01_00119735). Lipofectamineâ RNAiMAX Transfection Reagent (ThermoFisher,13778075) was used for delivery of siRNA into the HEK293T cells, following the manufacturer's instructions. Knockdown efficiency was assessed by immunoblotting.
Mitochondrial iron uptake assays
For the in vitro mitochondrial iron uptake assay, we modified a published procedure for analysis of mammalian cells (Devireddy et al., 2010) . Specifically, 1 uCi 55 FelC 3 was incubated with 2ug iron-free Ent (1mg/ml in DMSO) or DMSO at room temperature for 3 hours, followed by the addition of purified mitochondria from worms treated with different RNAi, or cells treated with siRNA. The samples were incubated for 4 hours at room temperature, and the amount of 55 Fe in lysed mitochondria was determined by liquid scintillation.
The in vivo mitochondrial iron uptake assay was also modified based on a published procedure (Devireddy et al., 2010) . Specifically, 1 uCi 55 FelC 3 was incubated with 2ug iron-free Ent (1mg/ml stock in DMSO) or DMSO at room temperature 3 hours.
55
FeCl3+DMSO or 55 FeCl 3 +Ent were added to young adult worms treated with RNAi for first generation. After the worms grew overnight, they were washed in M9. Mitochondria were then isolated followed by measuring the amount of incorporated 55 Fe by liquid scintillation.
Mitochondrial iron measurement in mammalian cells
The mitochondrial iron pools were determined as described (Rauen et al., 2007) . Briefly, cells were loaded for 20 min at 37 C with 2uM of the mitochondrial iron chelator rhodamine B-[(1,10-phenanthrolin-5-yl) aminocarbonyl]benzyl ester (RPA). After washing, the cells were imaged by fluorescence microscopy.
Mitochondria extraction
Mitochondria Isolation Kit for Cultured Cells (ThermoFisher,89874) was used to extract mitochondria from HEK293T cells. Mitochondria Isolation Kit for Tissue (ThermoFisher, 89801) was used to extract mitochondria from worms.
Enzymatic activity
Succinate dehydrogenase (MAK197; Sigma) and aconitase (MAK051; Sigma) enzymatic activity were measured using the kits according to the manufacturer's protocol. Briefly, L1 worms were seeded on the assay plate ± Ent. After 48 hours culturing, worms were lysed in ice-cold conditions using the lysis buffer provided in the kit, supplemented with protease. Equal amounts of protein were used for the enzymatic activity assay.
Microscopy
Analysis of fluorescence was performed under Nomarski optics on a Zeiss Axioplan2 microscope with a Zeiss AxioCam MRm CCD camera. Plate phenotypes were observed using a Leica MZ16F dissecting microscope with a Hamamatsu C4742-95 CCD camera.
QUANTIFICATION AND STATISTICAL ANALYSIS Quantification
ImageJ software was used for quantifying color intensity of CAS siderophore assay, calcein-AM staining and western blots for Ent-protein binding assay. For calcein-AM staining, the original images taken with GFP channel were used to measure the intensity. The value of staining intensity was determined by subtracting the background intensity from the calcein-AM stained intestine.
WormSizer software was used to measure worm body volume from images taken with a dissection scope.
Statistical analysis
To reduce bias, individual worms were randomly picked under a dissection microscope and imaged by a Nomarski microscope. For measuring worm size, worms were randomly imaged with a dissection scope. All statistical analyses were performed using Student's t test and p < 0.05 was considered a significant difference, except for Figures 1I, 2G , and S4B which were analyzed by using the Chisquare test. Asterisks denote corresponding statistical significance *p < 0.05; **p < 0.01; ***p < 0.001. The exact value (mean ± SD or mean ± SEM) and definition of ''n'' numbers are reported in bar graphs ( Figures 1A, 1B , 1D-1G, 1I, 2A-2G, 3B, 4A-4D, S1F, S1I, S2A-S2C, and S4B) and figure legends. ''n'' is defined as the number of worms analyzed. Bar graphs ( Figures 1H, 3D-3F , 5A-5F, 6A, 6D-6G, S1D, S1E, S3B, and S3C) were shown with exact value (mean ± SD or mean ± SEM) of three independent biological replicates, except for the statistics in Figures 3D, 3E , S3B, and S3C were from two different biological replicates. Figure S1 . Bacterial Ent Promotes C. elegans Development, Related to Figure 1 Figure S3 . In Vitro Mapping of the Ent-Binding Sequence of ATP-1, Related to Figure 3 (A) A single band was detected in whole worm extracts by the antibody against mammalian ATP synthase a-subunit, and the band intensity dramatically decreased in atp-1(RNAi) treated samples, supporting the specificity of this antibody for the worm protein ATP-1. (B and C) In vitro tests for binding between iron-bound Ent and ATP-1. Increasing concentrations of the ATP-1::His tagged protein led to increased binding to biotin-Ent-iron (B) . The binding was decreased by adding excess, non-biotin labeled Ent (C). Data are represented as mean ± SEM. (D) The full-length ATP-1 protein sequence was divided into three segments and then expressed in E. coli. The in vitro binding assay using purified proteins showed that the middle segment retains the Ent-binding ability. (E) Eight peptides covering the middle segment of ATP-1 (identified in D) were tested for binding, revealing a 21 amino acid peptide (FCIYVAVGQKRSTVAQIVKRL) that was sufficient to bind Ent in the in vitro binding assay. (F) The ATP-1 protein with the 21 amino acid sequence deleted lost the Ent binding ability. Therefore, this 21-residue peptide is both essential and sufficient for Ent binding, even though it may not be sufficient for its iron uptake function. Figure S4 . ATP-1 Binding to Ent Is Independent of the b Subunit of ATP Synthase and Sequence Comparison between ATP-1 with Human ATP5A1, Related to Figure 4 (A) Immunostaining showing that a-subunit co-localizes with b-subunit of ATP synthase in HEK293T cells. (B) atp-1(RNAi) displayed the slow growth phenotype in C. elegans. (C) western blot showing that ATP-1 binding to Ent is independent of the b-subunit of ATP synthase (ATP-2). Worms treated with control or atp-2 RNAi were fed Biotin-Ent and total protein extracts were isolated, followed by streptavidin-bead purification. The ATP-1 protein was detected in both samples by western blot using an antibody against the a-subunit of ATP synthase. Worms grew slower after atp-2(RNAi) treatment, indicating that RNAi was effective in knocking atp-2 down. (D) Protein sequence alignment of the a-subunit of ATP synthases from C. elegans and humans. The predicted ATP and Ent binding sites are indicated. Figure S5 . ATP-1 Co-localizes with MitoTracker, Related to Figure 5 Immunostaining images of dissected intestines showing that ATP-1 co-localizes with MitoTracker. atp-1 RNAi treatment results in reduced immunostaining. Figure S6 . siRNA Effectively Reduced the Level of ATP5A1, Related to Figure 6 ATP5A1 protein level was decreased in cells treated with siRNA ATP5A1.
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